Plasma-enhanced chemical deposition (PECVD) of carbon nanotubes has already been shown to allow chirality control to some extent. In PECVD, however, etching may occur simultaneously with the growth, and the occurrence of intermediate processes further significantly complicates the growth process.
Introduction
Ever since the discovery of carbon nanotubes (CNT) [1] [2] [3] , obtaining control over its chirality-dependent properties has been a major topic of research. Such control is needed to allow their commercial application in full [4] . While the precise control of the obtained structure is still a daunting task, significant achievements have already been attained both experimentally and computationally [5] [6] [7] .
Among other growth techniques [2, 3, 8, 9] , thermal chemical vapor deposition (TCVD) and plasma enhanced chemical vapor deposition (PECVD) show several advantages [6, 10] .
Especially, PECVD allows low-temperature growth, which is envisaged as a means towards chirality control and a reduced chirality distribution with respect to thermal growth [7, 11, 12] . Furthermore, plasma pre-treatment of the catalyst can greatly modify the resulting nanotubes [13, 14] . So far, however, the nature of the catalyst formation process by annealing metal thin films (such as Ni, Co or Fe) with or without plasma is not fully understood.
Particularly, the reason and mechanism of the appearance of small and uniform nanoparticles in H 2 plasma is still not clear [15] .
Besides the size control of the catalyst nanoparticles, several other factors are also of considerable importance, including the carbon chemical potential [16, 17] , the necessity of a carbide phase [18] [19] [20] [21] , the importance of metal-mediated defect healing [22, 23] , the influence of growth precursor, etc. All of these factors have been investigated to some extent, but a clear and consistent picture has not yet emerged. Also, in PECVD-based CNT growth, the role of C atoms or C 2 dimers [24] or energetic C-ions [25, 26] as input gas, as well as the influence of Ar + bombardment [25, 27] , have been computationally studied. Nevertheless, the role of the plasma-generated growth precursor in CNT growth, and in particular the hydrocarbon C n H m species in the incubation stage of CNT nucleation [28] , is not yet properly understood.
Under plasma conditions, the growth kinetics of CNTs can be expressed as a balance between the growth and etching processes [10] . Besides its damaging effect on a growing CNT structure, plasma-assisted etching can also be used to separate semiconductor CNTs from their metallic counterparts [29] . Overall, however, the etching onset is poorly studied during the CNT nucleation from plasma species, including H-radicals and ions. However, the ions are not direct sources in both CNT growth/etching, in contrast to the H-radical and hydrocarbon species [30] .
Overall understanding of these processes, i.e., re-structuring of the metal catalyst, and CNT nucleation and subsequent etching, require a careful investigation of the intermediate processes taking place in nanoseconds, which is difficult to attain experimentally. On the other hand, simulations are typically computationally expensive if they are to address the inherent time and length scales. Nevertheless, both obstacles may be overcome by pursuing a combined modeling/experimental approach addressing the aforementioned issues. In the current contribution, we investigate both subjects by the modeling of the nanocatalyst formation and subsequent CNT nucleation/etching, and by performing experiments to obtain nanoclusters and CNT carpets in both thermal and plasma mode. [41] [42] [43] . In tfMC calculations, all the atoms in the system are displaced at once in every time step with unit probability, and thus generate a system evolution in a MD-like fashion. This technique can therefore very efficiently be coupled to canonical MD simulations [41] . Both during the MD and the tfMC cycles, ReaxFF is applied to describe the bond dissociation and formation processes, i.e., the C-C bond dissociation, dehydrogenation, rehydrogenation and H 2 formation, as well as other reactions [44, 45] . During the simulations, the Ni 55 nanocatalyst is physisorbed on a virtual Al or Si substrate, employing a z-integrated
Methods

Simulation details
Lennard-Jones potential [46] . Subsequently, the plasma-generated carbon precursor (C, C 2 , C 2 H, CH 3 , CH 4 , C 2 H 2 , C 6 H 6 , C 7 H 8 , and C 8 H 10 ) is allowed to impinge on the cluster and its total density is kept constant in the gas-phase. In the case of CNT etching, also H-radicals are allowed to impinge on the tube wall. While these plasma species can have a wide energy range from thermal to hyperthermal [47] , we choose thermal hydrocarbon species and Hradicals as plasma species in the simulations. When a gas-phase particle adsorbs on the nanocluster (or the nanotube), the resulting structure is allowed to relax by application of tfMC [41, 43] . During the relaxation, no new plasma species are allowed to impinge on the structure. All simulations are performed at a temperature in the range of 1000 K -2000 K controlled by the canonical Bussi thermostat [48] .
Finally, in order to clarify the role of H 2 -plasma on the annealing of Ni-catalyst clusters, the interactions of two Ni nanoclusters are simulated using the combined reactive MD and tfMC technique in two regimes: (1) annealing without H 2 plasma and (2) annealing with H 2 plasma. In the simulations, Ni-Ni and Ni-H interactions are described using the ReaxFF potential, as parametrized by Mueller et al. [44, 45] . Prior to the annealing, two adjacent Ni 55 nanoclusters are initially positioned at least 1 nm from each other. Both nanoclusters are physisorbed on a virtual Si substrate, employing a z-integrated Lennard-Jones potential [46] .
Structures in both regimes are thermalized between 300 K and 800 K using the canonical Bussi thermostat [48] .
Experimental procedure
The detailed description of the PECVD reactor and the growth of multi-wall CNTs (MWNTs) was reported in our previous studies [49, 50] . In these experimental studies, the growth of MWNTs is achieved on a Si substrate using Ni nanocatalyst by PECVD in three steps. In the first step, a 10 nm thin film of Ni is deposited onto the substrate by using a precision etching and coating system (PECS). Afterwards, the sample is transferred into the PECVD reactor (radio frequency capacitively coupled plasma (RF CCP) working at 13.56
MHz) and mounted on the grounded electrode. The 2 nd step started once the base pressure inside the reactor is below 4·10 -4 Pa. In this step annealing with and without RF CCP treatment of the catalyst thin film is done at 923 K with a ramp time of 1200 s in a reducing atmosphere of hydrogen (10 sccm) at a pressure of 0.25 mbar and maintaining these conditions for 600 s. During 2 nd step, the electrode distance is of about 2cm. In the 3 rd step, In the initial stage, incoming Ni atoms weakly adsorb on the Si surface, freely move over the surface and eventually find other Ni adatoms to form a small Ni cluster (Fig.1b) , in agreement with experimental evidence [52] . During the deposition process, small clusters quickly sinter due to the weak interaction between the Ni-cluster and the Si surface (Fig.1c) [51]. As time advances, large clusters and subsequently islands gradually appear on the substrate (Fig.1d-h ) before Ni completely covers the whole Si surface as a thin film (Fig.1i) .
The simulations thus show Ni-thin film growth through the Volmer-Weber (island) growth mode [53] . The obtained Ni film (with a thickness about 1.2 nm in Fig. 1i ) is amorphous and the surface roughness is low, in agreement with experimental observations [13, 51] .
Re-structuring of Ni thin film.
After the deposition process, the obtained Ni thin film is annealed in order to obtain Ni nanoclusters on the Si surface (see Fig. 2 , 0 ps, 1000 K and 1200 K). In Fig. 2 , snapshots during the restructuring of the Ni film with thickness of 0.3 nm at a temperature of 1000 K and 1200 K are shown. When the annealing begins, the Ni thin film breaks due to its dewetting [37, 54, 55] and vacant holes start to appear on the Si surface after 8 ps and 5 ps at 1000 K and 1200 K, respectively. The area of the bare Si surface subsequently expands (see Fig. 2 , 16 ps -72 ps at 1000 K and 30 ps -65 ps at 1200 K) and vacant holes coalesce (see Fig. 2 , 96 ps and 85 ps at 1000 K and 1200 K, respectively).
Subsequently, the Ni thin film eventually converts to a Ni nanocluster (Fig. 2 , last panels for both temperatures). The snapshots demonstrate that the dewetting process strongly depends on the annealing temperature and the thickness of the Ni thin film, as well as the adhesion of the film-surface interface, which is in qualitative agreement with experimental observations [13, 56] .
Due to the Gibbs-Tomson effect, i.e., the melting temperature depression in nanoscale systems [57, 58] , the physical state of small cylindrical structures (indicated by the arrow in Indeed, the Plateau-Rayleigh instability explains the breakup of small structures observed in the simulations (see e.g. Fig. 3, 78 ps) . Furthermore, our simulations reveal that the breakup speed depends on the surface temperature and inversely depends on the film-surface adhesion.
In our experiments, both small and large Ni clusters as well as Ni islands appear on the surface during the restructuring process (compare Fig. 2 and Fig. 4a ). The number of larger clusters is seen to increase and the small clusters are seen to simultaneously disappear during the annealing process, which can be explained by Ostwald ripening [61] . According to this theory, the small clusters dissolve due to the minimization of the surface energy and their powders (or nanoclusters) redeposit onto the large cluster, which is energetically (thermodynamically) favored over the small clusters [62] . Consequently, only small and large clusters remain on the surface due to fast incorporation of the kinetically favored powders (nanoclusters), as shown in Fig. 4a . Indeed, the Ostwald ripening explains well these processes [63] . However, this theory fails to explain the remaining nanoclusters in the case of annealing with H 2 plasma as shown in Fig. 4b . To understand this phenomenon, MD/tfMC simulations were performed, taking the following two observations into account: (i) the concentration of H radicals in a H 2 plasma is significantly higher than their concentration in TCVD [47, 64] , and (ii) reactive H radicals/atoms bind strongly with Ni atoms and therefore nickel hydride is stable at low temperatures [65] . In the simulations, H atoms are added to the gas phase and their number is kept constant during the annealing in the plasma case (Fig. 5b) . Furthermore, hydrogenated Ni 55 (h-Ni) nanoclusters are used in the annealing process, in agreement with the second observation.
Structures in both regimes are thermalized at a temperature from 300 K up to 800 K. At the end of the annealing process, the nanoclusters coalesce in the first (thermal) regime (Fig. 5a ), while the h-Ni nanoclusters do not sinter on the surface in the second (plasma) regime. In the annealing-only regime, the clusters are connected through surface Ni atoms, which have dangling bonds. Such bonds, however, are terminated by reactive H atoms (radicals) in the "annealing + plasma" regime even at low temperature (Fig. 5b) . As a result, the interaction between adjacent Ni hydride nanoclusters becomes very weak and they cannot sinter. The results show that at low temperature (300 K), the nanoclusters do not sinter/coalesce, regardless of the presence or absence of H 2 , due to their low mobility and weak mutual interaction. At high temperature (800 K), however, the coalescence depends on the presence of H 2 , as at this temperature their mobility is much higher. Note also that when the temperature continues to increase, the sintering speed gradually enhances due to the temperature-dependent H 2 desorption and consequently the removal of the hydrogen shell from these nanoclusters.
In general, the obtained results indicate that the Ostwald ripening discontinues or retards due to the H-effect in the second regime. Due to this effect, Ni nanoparticles (powders) can remain stable for a longer time on the surface in the plasma regime. Indeed, the obtained results allow us a better understanding the difference of the re-structuring nature of Ni thin film in the annealing with H 2 plasma. Finally, the obtained Ni-nanoclusters are used as a catalyst in our simulations for the CNT nucleation from plasma species.
CNT nucleation and etching
CNT nucleation from plasma-generated species.
From the simulations, we distinguish three main stages in the catalyzed nucleation of carbon nanotubes from hydrocarbon C n H m plasma species: (i) incubation, (ii) cap formation and (iii) continued tube growth. Also, these stages are discussed in our previous work, devoted to the CNT nucleation from hydrocarbon molecules in a TCVD setup [28] .
In the beginning of stage I, gas-phase hydrocarbon species impinge on the cluster and they gradually dissociate by virtue of the Ni nanocatalyst. Subsequently, free H-adatoms move around the nanocluster surface and find another H-adatom, resulting in H 2 desorption. The remaining C adatoms subsequently dissolve into the Ni cluster. This "C n H m adsorption/dissociation, C dissolution and H 2 desorption" scenario continues until the nanocluster is saturated (Fig. 6a, frame 1) . Subsequently, segregated C-atoms diffuse over and through the catalyst (sub)surface until recombining with other carbon atom(s) in order to form initial surface carbon structures, i.e., C 2 dimers, sp 2 and sp 3 C atoms and short C y polyyne chains without or with H-terminations (Fig. 6a, frame 2) . When rehydrogenation occurs, the surface carbon structures, including polyyne chains and the graphene-like network (Fig. 6a, frame 3 ) become partially hydrogenated and vertically freestanding graphene sheets can be formed on the catalyst surface (Fig. 6a, frame 4) . Due to competition between dehydrogenation and rehydrogenation, both horizontally and vertically oriented carbon patches can be found on the Ni surface (cf. Fig. 6a , frames 3 and 4) [46] . The results show that this competition depends on the growth temperature, type of hydrocarbon species and their gas-phase pressure (or flux), as well as the catalyst-surface adhesion [28] .
Such competition can explain the appearance of unstable carbon structures in the incubation stage of CNT growth, as observed in the in-situ transmission electron microscopy (TEM)
observations by Yoshida et al. [66] . As time advances, the vertical free-standing networks invariably and irreversibly transform to horizontal networks covering the surface. Also, we found in previous investigations that such vertical carbon networks can remain stable on the surface, and they stack up parallel at low temperatures [28, 46] . The appearance of such structures could also explain the onset of MWNT formation [28] , as suggested earlier by
Hoffman et al. [67] . At the end of the first growth stage, the graphitic network(s) start(s) to gradually cover the nanocluster surface.
The second stage of the CNT nucleation is characterized by the appearance of a carbon cap on the cluster (Fig. 6a, frame 5) , which is essential for the nucleation of a CNT. The simulation results confirm our previous conclusions that cap nucleation in CNT growth from hydrocarbon species does not require the formation of long polyyne chains [68] , which is in contrast to the many simulations using hydrogen-free carbon as growth precursor [28] .
In the third stage, the carbon nanotube continues to grow on the catalyst surface (Fig. 6a , frames 6 and 7) due to the incorporation of the segregated C atoms, diffusing C adatoms or through direct adsorption of partially dehydrogenated C n-x H m-y fragments near the catalyst/cap interface followed by dehydrogenation. Overall, two scenarios turn out to be possible after the saturation sub-stage: (1) either C atoms continue to diffuse into the cluster, provided they completely lose their hydrogens, or (2) they diffuse over the catalyst surface, in case they keep or only partially lose their hydrogen. In either case, the C-atoms eventually incorporate into the growing network [28] .
Also, our simulations show that the C adsorption/incorporation rate during the CNT nucleation depends on the number of C and H atoms as well as the H/C ratio in each plasma species (Fig 6b) . Specifically, if the ratio tends to zero, the number of system C atoms rises faster, i.e., the adsorption rate of C atoms increases in the following order for the precursors:
In the case where the H/C ratio is (nearly) equal for two different precursors, the adsorption rate depends on the number of C atoms in the precursor (Fig. 6b , cf. C 2 H 2 and C 6 H 6 ). Indeed, the C-addition rate decreases and consequently the C adsorption/incorporation can be delayed, if the hydrogen concentration increases in the system. Due to this effect, the CNT nucleation slows down and the grown structures can additionally be damaged in the plasma-assisted CNT growth [10, 29] . Note also that µm-length CNTs can catalyze some carbon nanostructures, including carbon nanowalls, when the concentration of C radicals exceeds that in the plasma environment [69, 70] .
However, no experimental observation of this phenomenon in the CNT nucleation stage has been reported.
Plasma-assisted etching of carbon nanotubes.
Our simulations show that the incipient or small carbon nanotubes during their plasma-assisted growth can be eventually removed from the catalyst surface, if the plasma contains a high concentration of H-radicals. Fig.7a shows that the ideal nanotube (frame 1) is gradually damaged and etched (frames 2-8) before its total elimination (frame 9) upon hydrogenation. Incoming H-atoms preferable stick on the catalyst particle, as well as on the top of the tube (Fig. 7a , frame 2) due to its relatively high curvature. The latter is explained by the increased reactivity due to the increase of the pyramidalization and misalignment of the π-orbitals of the C-atoms of the tube cap [71] .
According to our previous calculations, the energy barrier for H-diffusion (0.57 eV) on the Ni-catalyst surface is about three times lower than the barrier for H 2 -formation and desorption (1.63 eV) [72, 73] . Therefore, H-adatoms can easily move on the tube wall before they either locally associate (i.e., H-clustering effect [74] ) or desorb as H 2 -molecules, according to the Langmuir-Hinshelwood (LH) recombinative desorption or the Eley-Rideal (ER) abstraction mechanisms [75] [76] [77] . As a result, the nanotube surface is not fully covered by a "hydrogen shell" and the coverage does not reach one-third of the surface [73] due to simultaneous dehydrogenation. At the same time, the tube surface is locally amorphized and the tube curvature is locally increased due to the H-coalescence [74] . In this amorphized and highcurvature site of the tube, three different H-pairs, i.e., para, ortho and meta pairs can be found.
Among them, in particular the ortho H pairs seriously affect the carbon network. Specifically, they significantly elongate the C-C bond length which eventually leads to the initiation of the etching process (Fig.7a, frame 3) . Recently, we found that the onset of selective CNT etching also depends on the angle between the HC-CH bond and the tube chirality vector, in addition to the tube metallicity and curvature [73] . After the first C-C bond breaking, the etching area propagates around this defected site due to fast H-occupation. Also, adsorbed H atoms have the tendency to move and cluster on the opposite part of the defected tube and begin the etching at that site as well (Fig.7a, frame 4) .
Such etching behavior leads to the formation of parallel nanotube ribbons, which has already been experimentally observed [78] . The defected tube finally collapses and partially covers the cluster surface (Fig.7a, frame 5 ). In this tube/sheet transition, the removal rate of hexagon rings in the carbon network significantly decreases, as shown in Fig. 7b (after 0.7⋅10 8 MD(+MC) steps). Also, the number of pentagon rings considerably decreases. This clearly indicates that the obtained nanosheet becomes a nearly perfect C network due to the etching or catalyst-assisted conversion of pentagons, heptagons, and other C rings into hexagons.
Such conversion eventually allows the appearance of graphene patches on the cluster [46] .
Due to hydrogenation or rehydrogenation, their edges are partially terminated by H atoms and thus free-standing graphene patches or graphene nanowalls can form on the catalyst surface (Fig.7a, frame 6 ). The formation of such nanowalls is also in agreement with experimental evidence that no carbon nanowalls are formed without H 2 gas flow or without irradiation by H radicals [79] . Subsequently, sheet/wall or wall/sheet transformations occur, due to the competition between (re)hydrogenation and dehydrogenation as well as H-etching. As mentioned in the previous section, such unstable carbon structures were also detected during in situ TEM observations before the CNT nucleation from C 2 H 2 [66] . The size of these unstable nanostructures continuously decreases during the hydrogenation/etching process (Fig.7a, frame 7) . Finally, we can find ordinary carbon structures, i.e., simple carbon rings and carbon polyyne chains on the catalyst surface (Fig.7a, frame 8 ) before the complete removal of the CNT. Note that while increasing flow of hydrogen can speed up the degradation/etching process, it does not change the etching scenario.
During the entire hydrogenation and subsequent etching process, the number of H adatoms first increases until the etching onset and their number gradually reduces afterwards due to both the H 2 formation and the etching, while the surface C atoms are continuously removed.
Finally, we observed mostly methane and ethylene molecules, as well as methyl radicals besides other etched hydrocarbon species in the gas phase, in addition to a high number of H radicals and H 2 molecules during the hydrogenation and subsequent etching process.
Conclusion
We study the nanoscale mechanisms for the Ni-catalyzed CNT growth in a hydrogencontaining plasma environment using our hybrid MD/MC simulation technique and TEMbased experiments.
We conclude that the role of hydrogen in the re-structuring of a Ni film and consequent appearance of Ni nanoclusters, as well as in the CNT nucleation/etching from plasma species, is very important and thus its careful control during aforementioned processes is essential.
Specifically, the H 2 plasma can delay the sintering of the Ni powders and this leads to maintain nanoparticles longer on the semiconductor surface. Also, in CNT nucleation, the C adsorption rate is found to inversely depend on the H content in the plasma precursor.
Moreover, due to the H-effect, i.e., hydrogenation, dehydrogenation and H-etching, different C structures, including nanosheets, nanowalls, and free-standing polyyne chains can be found during both CNT nucleation and etching processes. All obtained results are in agreement with available literature data, including theoretical and experimental evidences.
In general, this study clarifies the nanoscale mechanisms in the nanocatalyst formation and subsequent carbon nanotube nucleation/etching in a plasma environment which is important for the eventual goal of understanding the selective synthesis of CNTs with a definable chirality.
